Background-Dysregulation of plasma lipoprotein levels may increase the risk for atherosclerosis. Recently, angiopoietinlike protein 4, also known as fasting-induced adipose factor Fiaf, was uncovered as a novel modulator of plasma lipoprotein metabolism. Here we take advantage of the fasting-dependent phenotype of Angptl4-transgenic (Angptl4-Tg) mice to better characterize the metabolic function of Angptl4. Methods and Results-In 24-hour fasted mice, Angptl4 overexpression increased plasma triglycerides (TG) by 24-fold, which was attributable to elevated VLDL-, IDL/LDL-and HDL-TG content. Angptl4 overexpression decreased post-heparin LPL activity by stimulating conversion of endothelial-bound LPL dimers to circulating LPL monomers. In fasted but not fed state, Angptl4 overexpression severely impaired LPL-dependent plasma TG and cholesteryl ester clearance and subsequent uptake of fatty acids and cholesterol into tissues. Consequently, hepatic cholesterol content was significantly decreased, leading to universal upregulation of cholesterol and fatty acid synthesis pathways and increased rate of cholesterol synthesis.
T he enzyme lipoprotein lipase (LPL) plays a pivotal role in the regulation of plasma TG levels. By catalyzing the irreversible hydrolysis of plasma TG, LPL promotes the clearance of TG-rich lipoproteins from plasma. After synthesis in adipocytes and (cardio)myocytes, LPL protein is translocated to luminal endothelial cell surfaces where it is attached via heparan sulfate proteoglycans (HSPG). 1 As LPL is rate-limiting for clearance of TG-rich lipoproteins, the activity of LPL is carefully regulated via numerous mechanisms. At the level of gene transcription, LPL is upregulated by the transcription factors peroxisome proliferators activated receptor (PPAR)␥ in adipose tissue and by liver X receptor (LXR)␣ and PPAR␣ in liver. 2 In accordance with the fat storage function of adipose tissue, expression of LPL in adipose tissue peaks in the postprandial state, whereas in skeletal muscle expression of LPL is highest in the postabsorptive state. 3 LPL is also extensively regulated at the level of enzyme activity. Indeed, several modulators of LPL activity are known, including apolipoproteins Apoc3, Apoc2, Apoc1, and Apoa5. 4 -6 In addition to apolipoproteins, recently it became evident that 2 proteins belonging to the family of angiopoietin-like proteins (Angptls), Angptl3 and Angptl4, can modulate LPL activity. 7 In contrast to Angptl4, Angptl3 is produced exclusively in liver and is a target of LXR. It was shown that a mutation in the gene for Angptl3 is responsible for low plasma TG levels in KK/Snk mice, a mutant strain of KK obese mice. 8 The stimulatory effect of Angptl3 on fasting plasma TG can be attributed to suppression of VLDL clearance via LPL inhibition. 9 Angptl4, also known as fasting-induced adipose factor Fiaf, was discovered by screening for genes responsive to PPAR␣ and ␥, which serve as the molecular targets for the hypolipidemic fibrate and the insulin sensitizing thiazolidinedione drugs, respectively. 10, 11 Angptl4 has a molecular mass of about 50 kDa, is secreted into the blood, and may act in a paracrine and endocrine fashion. In humans, Angptl4 mRNA expression is highest in liver, followed by adipose tissue, whereas in mice the order is reversed. 12 The abundance of Angptl4 in blood plasma is increased by fasting and decreased by feeding a high fat diet, suggesting a potential role in lipid metabolism. 10 Evidence linking Angptl4 to regulation of plasma lipoproteins was provided by the demonstration that injecting mice with recombinant Angptl4 protein significantly increased plasma TG concentrations, possibly by inhibiting LPL activity. 13 Subsequent studies using various models of in vivo Angptl4 overexpression or inactivation have confirmed the stimulatory effect of Angptl4 on plasma TG levels via a mechanism independent of VLDL-TG secretion. 14 -18 The hypertriglyceridemic effect of Angptl4 may be modulated by formation of higher order oligomers as well as by proteolytic processing. 15 Recent in vitro studies suggest that Angptl4 inhibits LPL by promoting the conversion of catalytically active LPL dimers into catalytically inactive LPL monomers, thereby permanently inactivating LPL. 19 Currently, it is unclear whether this mechanism of LPL inhibition also occurs in vivo.
It has been suggested that in addition to lipid metabolism, Angptl4 also governs glucose homeostasis. Adenoviralmediated Angptl4 overexpression markedly reduced plasma glucose and improved glucose tolerance. 16 However, studies with Angptl4 knockout mice failed to reveal an effect of Angptl4 on glucose homeostasis. 17 Thus, the effects of Angptl4 on glucose homeostasis remain ambiguous.
A partial analysis of the phenotype of our Angptl4 transgenic mouse model has been previously published. 18 The transgenic mice were generated using the full-length mouse genomic Angptl4 sequence containing the regulatory regions mediating responsiveness to PPARs. As a result, Angptl4 overexpression is amplified by fasting. Here we take advantage of the sensitivity of Angptl4-Tg mice to fasting to better characterize the metabolic function of Angptl4 and address: (1) the in vivo molecular mechanisms underlying its hypertriglyceridemic effect, (2) the consequence of LPL-inhibition for hepatic cholesterol metabolism and cholesterol-dependent hepatic gene regulation, and (3) the effect of Angptl4 on glucose homeostasis.
Methods
For detailed methods, please see the supplemental materials (available online at http://atvb.ahajournals.org). 20 -26 
Animals
The Angptl4-transgenic mice on FVB background have been previously described. 18 Only male mice were used. All animal experiments were approved by the animal experimentation committee of Wageningen University.
Results
The Angptl4 transgenic (Angptl4-Tg) mice used in this manuscript have been previously described. 18 While in the fed state Angptl4-Tg mice show only mildly increased Angptl4 expression in skeletal muscle, heart, white adipose tissue (WAT), and brown adipose tissue (BAT), in the 24-hour fasted state dramatic Angptl4 overexpression is observed in all tissues examined, including liver (supplemental Figure I) .
To examine the effect of Angptl4 overexpression on lipid metabolism, several plasma parameters were determined. Although already in the fed state Angptl4 overexpression significantly increased plasma levels of free fatty acids (FFA), glycerol, and TG, the increase was much more pronounced in the 24-hour fasted state (supplemental Table  I ). During the course of fasting plasma TG levels gradually decreased in WT mice, whereas plasma TG showed a marked increase in the Angptl4-Tg mice, leading to an almost 24-fold difference after 24 hours of fasting ( Figure 1A ). The severe hypertriglyceridemia in fasted Angptl4-Tg was mainly because of dramatically elevated plasma VLDL levels, as determined by fast protein liquid (FPLC), although IDL/LDL levels were also increased to some extent ( Figure 1B) . No difference in HDL-cholesterol levels was observed ( Figure  1B ). Detailed lipoprotein profiling was performed by gel permeation high-performance liquid chromatography (HPLC), which allows for better separation between the lipoprotein classes (supplemental Table II ). In addition to VLDL, other lipoprotein fractions were also markedly enriched in TG. Amazingly, chylomicrons were still detected in plasma of 24-hour fasted Angptl4-Tg mice (supplemental Table II ), which was visualized as a distinct peak in front of the VLDL peak (data not shown).
Previously, it was shown that Angptl4 inhibits the activity of LPL in vitro. 13 Using an endogenous LPL activity assay, we observed a dramatic 90% reduction in post-heparin plasma LPL activity in 24-hour fasted Angptl4-Tg compared with WT mice. Similarly, activity of hepatic lipase (HL) was about 50% reduced ( Figure 2A ). In contrast, mRNA levels of LPL in adipose tissue and of HL in liver were significantly increased in Angplt4-Tg mice, likely reflecting a mechanism that attempts to compensate for the decrease in enzyme activity ( Figure 2B ). Recent in vitro data suggest that Angptl4 inactivates LPL by promoting the conversion of catalytically active LPL dimers into inactive monomers. 19 This type of mechanism is expected to cause permanent inactivation of LPL. To verify whether this is the case, recombinant hAng-ptl4 was either preincubated with [ 3 H]TO-labeled VLDL-like emulsion particles followed by mixing with LPL and measurement of LPL activity, or alternatively preincubated with HSPG-bound LPL and removed by washing before addition of the VLDL-like particles and measurement of LPL activity. Whereas the first assay revealed an expected potent inhibition of LPL activity by Angptl4 ( Figure 2C , left panel), a similar effect was observed in the second assay (right panel), suggesting that Angptl4 may permanently disable LPL. Because LPL monomers have much lower affinity for HSPG than LPL dimers, an Angptl4-mediated LPL 27 dimer to monomer conversion would be expected to translate into a decrease in LPL dimers in Angptl4-Tg mice in post-heparin plasma, and possibly an increase in LPL monomers in pre-heparin plasma. To visualize LPL monomers and dimers, pre-and postheparin plasma from 24-hour fasted WT and Angptl4-Tg mice was separated by heparin-sepharose affinity chromatography and fractions assayed for LPL content. 19 Importantly, a marked decrease in LPL dimer content was observed in post-heparin plasma of Angptl4-Tg mice ( Figure 2D ). No LPL was detected in fractions from pre-heparin plasma by ELISA (detection limit 0.2 ng/150 L). However, using a more sensitive Western blot assay LPL protein was detected in fractions corresponding to LPL monomer in Angptl4-Tg but not WT mice ( Figure 2E ). These data indicate that Angptl4 overexpression promotes the conversion of endothelial-bound LPL dimers into circulating LPL monomers.
To investigate whether Angptl4 might physically associate with circulating LPL monomers, we studied the coelution of Angptl4 and LPL in pre-heparin plasma fractions from the heparin-sepharose column and gel filtration FPLC column. It was observed that Angptl4, present in the truncated form, was present in exactly the same heparin-sepharose fractions as monomeric LPL ( Figure 2E ). The same observation was made in the FPLC fractions: Angptl4 was present in the fractions corresponding to (large) LDL ( Figure 2F ), which also harbors monomeric LPL, as previously published. 28 These data suggest that in blood plasma Angptl4 is physically associated with LDL-bound LPL monomers.
To examine whether inhibition of LPL by Angptl4 overexpression resulted in a decrease in LPL-dependent VLDL-TG lipolysis, the decay of protein-free VLDL-like emulsion particles labeled with glycerol tri [ Figure 3C ). These data indicate that Angptl4 overexpression strongly inhibited LPLdependent VLDL-TG lipolysis.
As the VLDL-like emulsion particles also contained [ 14 C]CO, it was possible to monitor clearance of VLDLcholesteryl esters. Similar to the situation for [3H]TO, in WT mice fasting accelerated [ 14 C]CO clearance, whereas clearance was decelerated in Angptl4-Tg mice ( Figure 3B ; serum half life 29.5Ϯ10.4 minutes versus 262Ϯ24.5 minutes, respectively; PϽ0.01). Tissue uptake of [ 14 C]CO, which occurs mainly in liver and is secondary to LPL-and HL-mediated conversion of VLDL to LDL via IDL, was also strongly reduced in Angptl4-Tg mice ( Figure 3D ).
To find out whether the decreased hepatic uptake of VLDL [ 3 H]TO and [ 14 C]CO in Angptl4-Tg mice was paralleled by changes in liver lipids, we measured hepatic cholesterol and TG content. Whereas in fed state no difference in liver cholesterol was observed between WT and Angptl4-Tg mice, in the fasted state liver cholesterol was modestly but significantly decreased in Angptl4-Tg mice ( Figure 4A ). In contrast, hepatic TG content was not changed significantly in Angptl4-Tg (supplemental Figure II) . In response to the decrease in hepatic cholesterol uptake and content in the fasted Angptl4-Tg mice, one would expect marked changes in the expression of genes dependent on cholesterol. To investigate the effect of Angptl4 overexpression on hepatic gene expression, we performed microarray analysis. RNA from liver of several animals was pooled and hybridized to Affymetrix mouse genome 430 2.0 GeneChip arrays. Using a cut-off of 1.4-fold, expression of a total of 103 probe sets was increased in Angptl4-Tg mice compared with WT mice. Of the 103 probe sets, 40 probe sets represented genes directly involved in cholesterol and fatty acid biosynthesis, including 3-hydroxy-3-methylglutaryl (HMG)-coenzyme A (CoA) synthase 1, HMG-CoA reductase, and Isopentenyl diphosphate ␦ isomerase (supplemental Figure III) . Upregulation of these genes in Angptl4-Tg mice was verified by qPCR ( Figure 4B and supplemental Figure IV) . The increased expression of cholesterol biosynthetic enzymes at the mRNA level was supported by an increase in plasma lathosterol to cholesterol ratio, which serves as a marker for cholesterol biosynthesis rate ( Figure 4C ). Together, these data indicate that in the 24-hour fasted state Angptl4 overexpression causes a marked reduction in hepatic cholesterol uptake, leading to a decrease in hepatic cholesterol content and subsequent upregulation of cholesterol biosynthesis.
Besides major changes in lipid metabolism, Angptl4 overexpression also caused alterations at the level of glucose metabolism. Whereas in the fed state no difference in plasma glucose was observed between WT and Angptl4-Tg mice, in the 24-hour fasted state Angplt4-Tg mice exhibited a modest yet significant increase in plasma glucose ( Figure 5A ). In contrast, no difference in plasma insulin was observed between the 2 sets of mice in either fed or fasted state ( Figure  5B ). These data suggest that Angptl4-Tg mice may be mildly insulin resistant. To investigate whether this is the case, we performed a hyperinsulinemic-euglycemic clamp in 24-hour fasted mice. Under basal conditions, glucose metabolism was not different between the 2 sets of mice. However, under hyperinsulinemic conditions glucose use was significantly decreased in Angptl4-Tg mice compared with WT mice ( Figure 5C ). Indeed, whereas in WT mice glucose use increased by 125% after insulin infusion, in Angptl4-Tg mice glucose use only went up 59% ( Figure 5D ). Interestingly, endogenous glucose production was not affected by insulin infusion in WT mice, characteristics of the highly insulin-resistant FVB strain, yet was clearly inhibited by insulin in Angptl4-Tg mice ( Figure 5F ). These data suggest that Angptl4-Tg mice are insulin-resistant in the periphery, but more insulin-sensitive at the hepatic level.
Discussion
In the present article we took advantage of the sensitivity of our Angptl4 overexpression model to fasting to better characterize the metabolic role of Angptl4. The most dramatic metabolic abnormality in Angptl4-Tg mice is the fastingdependent elevation of plasma TG levels. The severe hypertriglyceridemia, with plasma TG levels reaching 20 mmol/L after 24 hours of fasting, can be attributed to marked inhibition of LPL-dependent VLDL and chylomicron lipolysis. Accordingly, we provide the definitive in vivo evidence that the hypertriglyceridemic effect of Angptl4 observed in several studies is attributable to impaired clearance of plasma TG via inhibition of LPL-dependent lipolysis of TG-rich lipoproteins. The inhibition of LPL activity by Angptl4 was linked to conversion of endothelial-bound catalytically active LPL dimers into circulating catalytically inactive LPL monomers, as previously demonstrated in vitro. 19 One major consequence of inhibition of LPL-and HLdependent VLDL/IDL lipolysis in Angptl4-Tg mice is a reduced formation of LDL, leading to a marked decrease in cholesterol uptake in liver and a subsequent decrease in hepatic cholesterol content. The decrease in hepatic cholesterol led to upregulation of almost every single gene that is part of the cholesterol synthesis pathway. In fact, close to 40% of the genes identified by microarray as being upregulated in livers of Angplt4-Tg mice were involved in either fatty acid or cholesterol synthesis. Thus, by inhibiting LPL and HL, Angptl4 has a major impact on cellular cholesteroluptake and consequently cholesterol-dependent gene regulation. The changes in gene expression translated into a functional change in the rate of cholesterol synthesis, as shown by elevated plasma lathosterol to cholesterol ratio.
We suspect that Angptl4 overexpression may similarly suppress fatty acid-dependent gene regulation, especially in tissues that rely heavily on LPL for fatty acid uptake. Fatty acid-dependent gene regulation is mainly mediated by PPARs. Previous studies have indicated that LPL can act on circulating lipoproteins to generate endogenous PPAR␣ ligands, thus providing a potentially important link between lipoprotein metabolism and transcriptional effects of PPAR␣. 29 Indeed, it was shown that cardiac-specific knock-out of LPL resulted in decreased expression of several PPAR␣ target genes. 30 Future studies will have to clarify whether Angptl4 overexpression has any influence on fatty acid and PPAR␣dependent gene regulation in tissues that express LPL.
Recently, it was shown that the N-terminal domain of Angptl4 (residues 1 to 187) is able to dissociate catalytically active LPL dimers into catalytically inactive LPL monomers in vitro, suggesting a novel mechanism for regulating LPL activity. 19 Our data indicate that overexpression of Angptl4 in mice leads to conversion of endothelial-bound LPL dimers into circulating LPL monomers. Consequently, in Angptl4-Tg mice less LPL dimers are released into the circulation on heparin injection, providing an explanation for the marked decrease in post-heparin LPL activity. Interestingly, the relative decrease in post-heparin LPL activity exceeded the relative decrease in heparin-releasable LPL dimers, suggesting that Angptl4 may inhibit LPL activity via an additional mechanism. An Angptl4-mediated LPL dimer to monomer conversion was supported by the presence of LPL monomers in pre-heparin plasma of Angptl4-Tg mice but not WT mice. However, the low concentration of LPL monomers suggests that they are rapidly cleared from the circulation. Our data also suggest that in blood plasma Angptl4 is physically associated with LPL monomers, which in turn are bound to LDL. It can be hypothesized that by binding LPL monomers, Angptl4 pulls the equilibrium between LPL dimers and monomers toward monomers, which effectively results in an inhibition of LPL activity. This model conflicts with the mechanism proposed by Sukonina et al based on experiments carried out in vitro. 19 More research is necessary to elucidate the precise mechanism by which Angptl4 promotes conversion of LPL dimers to monomers in vivo.
In addition to inhibition of LPL activity, we also observed that Angptl4 overexpression resulted in a significant decrease in post-heparin plasma HL activity, although the effect was less pronounced compared with LPL. Inhibition of HL may contribute to the elevated levels of IDL/LDL, especially the increase in IDL/LDL-TG content, and likely contributes to the observed decrease in hepatic cholesterol uptake. The latter result could also be linked to increased IDL/LDL-particle size, which has been shown to lead to reduced hepatic uptake via a mechanism independent of the LDL receptor. 24 In line with the role of HL in converting HDL2 to HDL3, inhibition of HL may contribute to the elevated HDL-TG content in Angptl4-Tg mice. Similar to LPL, HL is functionally active as a dimer. 31, 32 Accordingly, it is possible that inhibition of HL activity by Angplt4 is accounted for by conversion of HL dimers to monomers. In contrast to our observations, Koster et al did not observe any change in post-heparin plasma HL activity in mice with liver-specific Angptl4 overexpression or in Angptl4 KO mice. 17 The reason for this discrepancy is not clear but may be related to differences in the sensitivity of the HL activity assay used or to differences in the magnitude of Angptl4 overexpression. In contrast to HDL-TG, HDL-Chol levels were identical between the 2 sets of mice. Although LPL activity and HDL-Chol levels are positively correlated in humans, no link between LPL activity and HDL-Chol levels has been observed in mice overexpressing LPL or in LPL null mice, which is probably explained by the absence of CETP activity in mice. 33 Recently, it was reported that Angptl3, which is structurally and functionally highly related to Angptl4, inhibits activity of endothelial lipase, an important determinant of HDL-Chol levels. 34 Mice lacking Angptl3 showed a decrease in plasma HDL-Chol and HDL phospholipid, coupled with increased phospholipase activity in post-heparin plasma. Furthermore, Angptl3 inhibited the phospholipase activity of endothelial lipase in vitro. Whether Angptl4 may inhibit endothelial lipase as well remains to be investigated.
Whereas the impact of Angptl4 on plasma lipoprotein metabolism is well established, much less is known about the role of Angptl4 in glucose homeostasis. Recently it was reported that adenoviral-mediated overexpression of Angplt4 causes an abrupt and dramatic decrease in plasma glucose coupled to a marked improvement in glucose tolerance. 16 In contrast to the hypertriglyceridemia elicited by Angptl4 overexpression, which was transient, the hypoglycemia was persistent up to 2 weeks after virus injection when plasma levels of Angptl4 had almost returned to normal. Infection of primary hepatocytes with Angptl4 adenovirus significantly decreased secretion of glucose into the medium, suggesting that Angptl4 may lower plasma glucose by decreasing hepatic glucose output. In partial support of this notion, we find decreased endogenous glucose production in Angptl4-Tg mice under hyperinsulinemic conditions, whereas no change was found under basal conditions. At the same time, Angptl4 overexpression was associated with a decrease in insulinmediated glucose disposal, suggesting peripheral insulin resistance. Under conditions of prolonged fasting, the effect of Angptl4 on peripheral insulin resistance seems to dominate as plasma glucose was modestly increased in Angptl4-Tg mice compared with WT mice, whereas plasma insulin levels remained unaltered. The decreased peripheral insulin sensitivity in Angptl4-Tg mice may be related to elevated plasma FFA, which are known to induce insulin resistance, 35 although a direct effect of Angptl4 protein on insulin signaling cannot be excluded. In mice, the overall impact of Angptl4 on plasma glucose levels appears to be limited, and may only be evident at higher plasma Angptl4 concentrations because inactivation of the Angptl4 did not result in any change in plasma glucose. 17 However, this observation does not exclude an effect of Angptl4 inactivation on glucose fluxes. It was reported that in humans, levels of Angptl4 in blood plasma of obese diabetics are significantly decreased in comparison with obese nondiabetics. 16 Although these data still have to be verified, they suggest that in humans Angptl4 might serve as a marker for insulin sensitivity.
Whereas the effects of Angptl4 on lipoprotein metabolism in mice are supported by numerous studies, much less is known about the role of Angptl4 in humans. Recently, it was shown that a variant of the human Angptl4 gene (E40K), which is present in approximately 3% of European Americans, was associated with significantly lower plasma TG levels and higher HDL-Chol levels. 36 These data suggest that, at least with respect to plasma TG, the effect of Angptl4 is similar between mice and humans. The picture is a little bit more complicated for HDL-Chol. Previously, we found a positive correlation between plasma Angptl4 concentration, assessed semiquantitatively by immunoblot, and HDL-Chol levels. 23 In the present study, no change in plasma HDL-Chol level was observed in Angptl4-Tg mice, despite a Ͼ20-fold increase in plasma TG. Thus, the link between Angptl4 and HDL, and the impact of Angptl4 on effectors of plasma HDL levels, deserve further study.
In conclusion, we show that (1) the hypertriglyceridemic effect of Angptl4 is attributable to inhibition of LPLdependent VLDL lipolysis by converting endothelial-bound LPL dimers to circulating LPL monomers, (2) Angptl4 upregulates cholesterol synthesis in liver via inhibition of LPL-and HL-dependent hepatic cholesterol uptake, and (3) Angptl4 overexpression increases insulin sensitivity in liver but decreases insulin sensitivity in the periphery.
